Frequent, brief and repeated self-administered mobile assessments of cognitive function, conducted in everyday life settings, are a promising complementary tool to traditional assessment approaches. Mobile cognitive assessments promote patient-centered care and might enhance capacity to inform individual-level outcomes over time (i.e. detecting subtle declines in cognitive function), as well as in assessing cognition and its correlates in the naturalistic environment. The goal of this systematic review was to assess the feasibility and psychometric properties of mobile cognitive assessments. Through a comprehensive search, we identified 12 articles using selfadministered, mobile phone-based cognitive assessments. Studies sampled participants between 1 and 6 times per day for 1-14 days. Samples ranged in age from 14 to 83 years old and were generally healthy populations without cognitive impairment. Working memory was the most frequently-assessed cognitive domain (n = 7), followed by attention/reaction time (n = 4). Seven studies reported adherence, with mean adherence rates of 79.2%. In addition to positive evidence of feasibility, there was general support for high levels of between-and within-person reliability and construct validity. While research has only begun to explore the utility of mobile cognitive assessments, studies to-date indicate they may be a promising complementary tool to traditional assessment methods with potential to improve clinical care and research. In this systematic review, we summarize research that has employed EMA paradigms in assessing real-world cognitive functioning.
| INTRODUCTION
Ecological momentary assessment (EMA), a method involving frequent, repeated assessment of thoughts, feelings, experiences and behaviors in the naturalistic environment, has contributed to the understanding of many psychiatric disorders (Cain, Depp, & Jeste, 2009; EbnerPriemer, Eid, Kleindienst, Stabenow, & Trull, 2009; Granholm, Loh, & Swendsen, 2008; Shiffman, Stone, & Hufford, 2008) . Depending on the research question, these assessments may be event-based, timebased, or randomly prompted. EMA possesses a number of advantages over typical point-in-time assessments, which include: (1) the reduction of retrospective recall biases, (2) the ability to model withinperson trends over time, (3) the assessment of temporal sequences among theoretically-linked constructs (Depp et al., 2016a; Depp et al., 2016b) , (4) the generation of more stable estimates of constructs for outcomes research (Moore, Depp, Wetherell, & Lenze, 2016) , (5) the capacity to monitor treatment response or progress in real-time, and (6) the assessment of phenomena as they occur in real-world settings. The ability to assess fluctuation and change in affect, personality, and behavior over time, known as dynamic processes, represents one of the greatest strengths of EMA. For the interested reader, Trull, Lane, Koval, and Ebner-Priemer (2015) provide an excellent review of assessing affective dynamics via EMA. The constructs most frequently assessed in EMA studies include self-reports (e.g. social context, symptoms and behavior) and such subjective information has increasingly been linked to objective data, such as those derived from activity sensors (e.g. actigraphy; see Carpenter, Wycoff, and Trull [2016] for a review of new data collection methods). However, only a handful of studies have used an EMA paradigm to objectively assess cognitive functioning, despite that many of the same advantages would be potentially applicable in comparison to traditional in-person cognitive testing.
In this systematic review, we summarize research that has employed EMA paradigms in assessing real-world cognitive functioning.
There are several reasons why EMA could be particularly beneficial in assessing cognition. First, many research questions concern change over time in cognitive ability, both in the short term and the long term, and tools to enable longitudinal monitoring of cognitive ability would facilitate better understanding of the dynamics of cognition and their determinants. Understanding the short-term dynamics of cognition in the context of critical periods, such as after injuries or onset of illness, or in response to treatments, could provide novel insights that are difficult to capture with panel-type studies of cognitive ability. Second, there is a growing body of literature indicating that intra-individual variability in cognitive functioning is linked with brain illnesses and change over time in a way that is somewhat independent from levels of performance (Hultsch, Strauss, Hunter, & MacDonald, 2008) . Third, traditional cognitive testing occurs in controlled, artificial environments, and for many psychiatric phenomena there is interest in understanding the temporal (e.g. diurnal rhythms) or social-contextual influences on cognitive functioning as individuals interact with the real-world environment.
Several studies have developed and tested repeatable cognitive tests on a computerized or mobile platform that are delivered in a fixed environment, such as a person's home. While cognitive assessments administered in such environments can have advantages over laboratory-based assessments, limitations include being administered at a predetermined time and in a quiet, unsupervised environment. Mobile cognitive tests, however, can be delivered at any time during a person's daily life. Given these tests occur while a person is contending with all of the distractions and constraints of daily life, the data may better characterize "typical" cognitive functioning as opposed to cognitive functioning under optimized conditions. Moreover, given the ubiquity of mobile devices in daily life, it is now possible to administer measures throughout the day rather than only when respondents are restricted to the home environment. Additionally, other data that is gathered by the mobile device (accelerometry, location) can be used in concert with the cognitive data in mobile cognitive testing. Finally, even though standard cognitive testing occurs in controlled settings, there are sources of error (e.g. waxing/waning motivation, mood symptoms) that contribute to diminished test-retest reliability. Aggregated within-person estimates of cognitive functioning may produce more stable estimates of these variables by collecting data on the same test over time, as seems likely in symptom measures (Moore et al., 2016) .
Concerning computerized cognitive assessment, the translation of clinical instruments to computer-based platforms has demonstrated certain limitations (Bauer et al., 2012) . Unsupervised cognitive testing does not easily enable standardized observations of effort and attention, and there is greater possibility for task distraction, which may diminish performance or lead to artificial inflation of performance through "cheating". Measures ported to mobile testing environments may alter the nature of the test and therefore make cross-mode validation challenging. It is also unclear whether certain cognitive domains are more amenable to EMA-based cognitive tests than are others. In addition, the patient-and test-related determinants of adherence to protocols and participant acceptance of repeated cognitive testing across clinical and non-clinical populations is poorly understood.
To better understand the promise and potential pitfalls of mobile cognitive testing, we conducted a systematic review of research studies that employed repeated mobile device-based cognitive testing in clinical and non-clinical populations. We examined the feasibility of mobile cognitive assessments, as indicated by the rate and documented predictors of adherence, as well as on summarizing the specific applications, research design, cognitive domains assessed, and measured reliability and construct validity in these studies. Our objective was to summarize the current literature on this approach, in order to identify gaps and opportunities for future development in this area.
| METHODS

| Article selection and search strategy
In order to identify articles for the review, we first searched the PubMed database using the search terms mobile, cognitive, assessment, ecological momentary assessment, smartphone, and personal digital assistant. The search was completed on August 30, 2016. Second, we reviewed the reference lists of retrieved articles to find earlier relevant studies ("ancestry approach"; Cooper, 1998) . We restricted our searches to studies published in peer-reviewed English-language journals. No age restriction was placed on the samples, nor were restrictions placed on the minimum number of participants. All relevant and accessible journal articles that assessed the use of mobile cognitive assessments were included. Studies selected needed to contain repeated mobile cognitive assessments that were self-administered on a mobile device. Studies that used cognitive assessments delivered by research staff on mobile devices (e.g. the NIH Toolbox; Weintraub et al., 2013) , regardless of the setting, or administered on a tablet (e.g. iPad) instead of an ambulatory mobile device, were excluded.
| Data extraction and synthesis
We developed a database to organize information on: (a) author names; (b) publication year; (c) sample characteristics (sample size, study population, and demographic characteristics); (d) cognitive domains assessed; (e) duration of the study; (f) timing and completion time of the mobile tests; (g) device used; (h) compliance; (i) study type; (j) major findings. Age and adherence data were weighted by sample size: for each study, sample size was multiplied by mean age or mean study adherences ratings then divided by the total sample size across all studies. Mean and standard deviation (SD) values were calculated from the weighted scores.
3 | RESULTS
| Studies selected
A total of 87 unique studies were identified. After reviewing abstracts and subsequently full-text articles and their reference sections, 12 articles were selected for this review (see Figure 1 ).
| Sample characteristics
Characteristics of the 12 studies included in this review are presented in Table 1 . The number of participants in these studies ranged from 20 to 219 (mean = 73.8, SD = 66.5, median = 50.5). Weighted by sample size, mean age of participants was 46.9 years old. For studies that reported the participants' age range, the range was from 14 to 83 years.
Eight studies were conducted in European countries, and four in the United States. A majority of studies targeted healthy, communitydwelling volunteers; only four studies selected patients based on illness or behavioral foci (adults with epilepsy; pre-surgical patients; adults who consumed >5 units of alcohol per week; adult smokers).
Five studies excluded for a diagnosis of dementia, cognitive impairment, or a central nervous system compromising disorder/neurological condition (e.g. cerebrovascular disease, Parkinson's disease). No other common exclusionary criteria in these reports were observed.
3.3 | Data capture methods, data capture schedules, and timing and duration
In general, studies conducted prior to 2009 used personal digital assistants (PDAs; n = 4) and studies after 2009 used a mobile phone (n = 8).
Four studies specified if the mobile phone was a smartphone (Brouillette et al., 2013; Schweitzer et al., 2016; Sliwinski et al., 2016; Timmers et al., 2014) , while the other studies using mobile phones either did not use smartphones or did not make this specification. In all but one study (Brouillette et al., 2013 ) the mobile devices were provided to the participants. Regarding the technical implementation aspects of the assessments, the investigative teams completed custom programming for all of the mobile cognitive tests. Four studies reported that the tests were pre-installed on the device, whereas the other studies did not provide this information. Three studies specified having disabled phones with no internet or data plans; the other studies did not specify whether data plans were necessary for test administration. Across studies, data was either stored locally on the devices or uploaded to a server (e.g. SQL server).
In terms of data capture schedules, a majority of the studies used a fixed-schedule design (n = 9), in which participants responded to an alarm at predetermined and consistent intervals. Two studies used a combination of the fixed-schedule and event-based design. Schuster, Mermelstein, and Hedeker (2015) used a combination of random prompts (5-7 times per day), subject-initiated events (immediately after participant smoked a cigarette and when participant wanted to smoke a cigarette but were unable to do so due to situational restrictions). Waters and Li (2008) Timing of the studies varied from one to 14 days, with an average study duration of six days (SD = 4.5, median = 6.5 days). Of the studies that reported completion times of the mobile cognitive tests, the longest completion time was four minutes (range = 40 seconds to 4 minutes). We did not observe a pattern between duration of the study and frequency of mobile cognitive tests. For example, there were two studies with a 14-day duration. In one of these studies, participants completed cognitive tests five times per day (Sliwinski et al., 2016) , while in the other study participants only completed cognitive tests twice daily (Tiplady, Oshinowo, Thomson, & Drummond, 2009 ).
| Cognitive domains assessed
A summary of research questions and neuropsychological domains assessed are presented in Tables 1 and 2 . Eight studies administered a single mobile cognitive task for the duration of the study, while the other four studies administered more than one task. Tasks were unique in each study; while similar tasks were observed across some studies, no two studies used the same version of a given task. Cognitive domains assessed included: working memory (n = 7), attention/reaction time (n = 4), processing speed (n = 2), semantic memory (n = 2), short-term memory (n = 1), delayed memory (n = 1), and executive functions (n = 1). Each study reported developing these instruments Working memory paradigms included variations of the n-back working memory task (Frings et al., 2008; Kennedy et al., 2011; Sliwinski et al., 2016) , a variation of Salthouse, Babcock, and Shaw's Blocks Tasks (Schuster et al., 2015; Sliwinski et al., 2016) , a variation of Sternberg's (1975) Memory Scanning Task , and a novel Letter Span Task (Timmers et al., 2014) . Attention/reaction time paradigms included variations of Eriksen and Eriksen's (1974) Flanker Reaction Time Task (Kennedy et al., 2011; Thomson et al., 2009; Tiplady et al., 2009 ) and a modification of the Stroop Interference Task (Stroop, 1935; Waters & Li, 2008) . One of the two studies of processing speed tasks developed a mobile Symbol Search Task (Sliwinski et al., 2016) , similar in design to Wechsler's Symbol Search (Wechsler, 1997) , while the other study developed a mobile version of the Pennington Biomedical Research Center's Color-Shape Test (Brouillette et al., 2013) . Mobile tests of semantic memory were modeled after Wechsler's (1997) Similarities Test (Allard et al., 2014) and the Isaacs Set Test (Isaacs & Kennie, 1973; Schweitzer et al., 2016 
| Validity
For a majority of the studies, the main purpose was to examine the psychometric properties of mobile cognitive assessments (see Table 2 ). Brouillette et al. (2013) cognitive testing with physiological monitoring. In this study, a portable biosignal recorder, ECG electrodes, and acceleration sensors were affixed to participants in the laboratory. They wore these devices for an average of 25.8 hours, during which time they carried a mobile phone and completed repeated assessments of working memory and self-reported activity, tense arousal, energetic arousal, and whether they were alone or with other people. While it was impossible to concatenate the validity findings based on data presented in each individual study, the test statistics from each study are presented in Table 2 .
For the correlations between mobile cognitive test scores and in-laboratory assessments, concordance between the two methods ranged from 0.24 to 0.74.
Four studies examined the usefulness of repeated cognitive assessments over and above traditional cross-sectional testing (Table 2) . One study found mobile assessments of semantic memory were able to provide early detection of hippocampal changes among non-demented older adults (left hippocampus: γ = 0.0012, t = 2.95, p < 0.01; right hippocampus: γ = 0.0013, t = 2.94, p < 0.01), as well as predict future engagement in intellectually stimulating activities (γ = 0.893, t = 2.431, p < 0.05) (Allard et al., 2014) . Another study found real-time nervousness (measured via EMA) and increased momentary heart rate affected middle-aged and older adults concurrent working memory performance, but not working memory performance of 2) Mobile, but not laboratory, semantic memory, related to hippocampal volume (left hippocampus: γ = 0.00, t = 2.95, p < 0.01; right hippocampus: γ = 0.00, t = 2.94, p < 0.01).
3) EMA reports of engagement in intellectually stimulating activities prospectively associated with increases in subsequent mobile semantic memory performance (γ = 0.89, t = 2.43, p < 0.05).
Brouillette et al., 2013 Non-demented older volunteers 1) Good test-retest reliability for laboratory-based and real-world performance of mobile processing speed test (r = 0.73, p = 0.02).
2) Convergent validity of mobile processing speed test with standard laboratory-assessed global cognition (mini mental status examination; r = 0.52, p < 0.001) and measures of processing speed (digit symbol: r = 0.51, p < 0.001; trails making test A: r = ˗0.65, p < 0.001) and attention (digit span forward: r = 0.43, p < 0.001; digit span backward: r = 0.43, Kennedy et al., 2011 Healthy, employed males 1) Study had two groups: placebo control or multi-vitamin mineral supplement. No group differences in mobile reaction time or working memory tests (test statistics not reported), but did find group differences on EMA items of subjective cognition (assessment × treatment; participants in the multi-vitamin/mineral group rated better ability to concentrate:
Riediger et al., 2014 Community-dwelling adolescent and adult volunteers 1) EMA-reported feeling nervous related to worse concurrent mobile working memory performance among middleaged and older adults, but not among younger adults (estimate = ˗0.074, SE = 0.038, p < 0.01).
2) Increased momentary heart rate also related to worse concurrent mobile working memory performance among middle-aged and older adults, but not among younger adults (estimate = 2) Reliable within-person variance for brief battery of mobile working memory and perceptual speed tests (symbol search: 0.36; dot memory: 1.19; n-back: 0.01).
3) Convergent validity for mobile working memory and perceptual speed tests with laboratory measures of the same constructs (in-laboratory speed tasks and mobile dot memory: r = 0.61-0.74, p < 0.01; in-laboratory working memory tasks and mobile dot memory: r = ˗0.39 to ˗0.45, p < 0.01) in-laboratory working memory tasks and n-back: r = 0.24-0.36, p < 0.01).
(Continues) 2) Test-retest reliability in uncontrolled environment condition (ICC = 0.76) better than in controlled condition (ICC = 0.52).
Clinical populations Frings et al., 2008
Adults with epilepsy 1) Study had two epilepsy groups: patients being titrated with levetiracetam (LEV) and a control group of patients on stable treatment with antiepileptic drugs. Demonstrated feasibility of mobile assessment of working memory during titration of anti-epileptic drugs.
2) No group differences in overall mobile working memory test (test statistics not reported).
3) Group × day interaction with control participants performed better than LEV group on mobile working memory task during the morning assessment (test statistics not reported).
Tiplady et al., 2009
Adult volunteers with >5 units/week alcohol use 1) Both mobile (memory scanning n incorrect: t = 3.37, p < 0.01; sustained attention to response task [SART] false negatives: t = 2.39, p = 0.02; number pairs n incorrect: t = 2.87, p < 0.01) and laboratory-based (memory scanning n incorrect: t = 6.05, p = 0.02; SART false positives: t = 9.88, p < 0.01; number pairs n incorrect: t = 10.97, p < 0.01) attention and working memory tests related to alcohol use.
2) Expected diurnal changes in performance on the attention tests (memory scanning reaction time: F(37,4) = 2.58, p = 0.04; number pairs: F(37,4) = 4.75, p < 0.01).
Thomson et al., 2009
Pre-surgical patients 1) Time to complete mobile visual reaction time test steadily increased as participants became more sedated via propofol (no effect of propofol on visual reaction time until propofol at or above 0.9 μg ml
˗1
; p < 0.05).
2) Reaction times on the mobile visual reaction time test more sensitive at higher levels of sedation than patientreported sedation scores (p < 0.001); this mobile test may be useful for identifying imminent over-sedation.
Waters & Li, 2008
Smoker and non-smoker adults 1) Demonstrated feasibility of mobile reaction time tests (classic-Stroop, emotional-Stroop, & smoking-Stroop tasks) among smokers and non-smokers.
2) Classic-Stroop effect associated with age (SE = 1.86, p < 0.05), emotional-Stroop effect associated with state anxiety (SE = 8.06, p < 0.01), and smoking-Stroop effect associated with the Fagerstrom test for nicotine dependence scores (SE = 7.45, p < 0.01).
3) Adequate internal reliability of mobile reaction time tests (large classic-Stroop effects for smokers (mean estimate [ME] = 156.3 ms, SE = 12.8, p < 0.001) and non-smokers (ME =115.8 ms, SE = 11.6, p < 0.001; smaller emotionalStroop effects for smokers (ME =12.6 ms, SE = 5.74, p < 0.05) and non-smokers (ME =21.0 ms, SE = 6.36, p < 0.01; no significant smoking-Stroop effects for smokers or non-smokers [p > 0.01]).
Note: ICC, intraclass correlation coefficient; SE, standard error; WAIS-IV, Wechsler Adult Intelligence Scale -Fourth Edition; WMS-IV, Wechsler Memory Scale -Fourth Edition.
younger adults (Riediger et al., 2014) . Tiplady et al. (2009) examined the relationship between self-reported alcohol consumption and realworld attention and working memory scores, and found poorer test performance on days when alcohol had been consumed (memory scanning n incorrect: t = 3.37, p < 0.01; sustained attention to response task
[SART] false negatives: t = 2.39, p = 0.02; number pairs n incorrect: t = 2.87, p < 0.01). They also observed expected diurnal changes throughout the day on performance on attention tests (memory scanning reaction time: F(37,4) = 2.58, p = 0.04; number pairs reaction time: 
| DISCUSSION
In summary, this review indicates that mobile assessments of cognition are feasible and generally accepted among research participants. We also found good support for the psychometric properties of mobile cognitive assessments, including good real-world test-retest reliability and internal reliability, as well as good convergent and discriminant validity with laboratory-based assessments. Additionally, preliminary evidence was found that repeated mobile cognitive assessments could yield novel information on a broad range of applied research questions.
There are several applications to clinical trials for repeated measurements of cognitive function outside the traditional laboratory or clinic settings. First, mobile cognitive assessments can enhance the sensitivity of detecting subtle cognitive changes, within the natural setting of a person's home environment, over the course of the study (Allard et al., 2014) . They could also be used as a more sensitive screening tool than traditional methods for diagnosing early cognitive for highly sensitive assessments of change that may occur due to age-related cognitive decline, neurological or psychiatric illness, or head injuries (Resnick & Lathan, 2016) . Furthermore, repeated sampling can provide a granular temporal structure to assessing between-and within-day variability in cognition, which allows for a way to quickly and cost-effectively examine the sensitivity of side effects of treatment-emergent medications (Frings et al., 2008) .
Another exciting application of mobile cognitive assessments to clinical trials is the ability to embed these assessments within EMA protocols and/or integrate them with sensor-based technology (e.g. wearable devices). This integration allows one to systematically study the effects of contextual and time-varying influences, such as diurnal variations, fatigue, pain, stress, mood, social contexts, or health behaviors, on real-time cognition and cognitive rehabilitation efforts.
| Limitations of this review
This review contains limitations that should be considered in understanding the advancement of mobile cognitive testing. While we attempted to conduct a comprehensive search, we may have omitted studies based on the search engines we used. In addition, due to the variability in the data that was reported in each study, we were unable to estimate a mean level of adherence or mean test completion times.
Moreover, none of the studies examined the use of mobile cognitive assessments among individuals with neurodegenerative disorders, mild cognitive impairment, serious mental illness, or other populations who routinely receive testing for cognitive impairment. The sparse data on clinical populations with cognitive impairment, together with our inability to calculate mean adherence ratings, limits our ability to make conclusions regarding which populations would be poor candidates for mobile cognitive assessment studies. There are also gaps in the cognitive domains assessed by these studies, with no studies testing language abilities, learning, visual memory, or motor skills. A majority of the studies only assessed one domain of cognitive functioning (e.g. working memory), while evaluations of overall cognitive health often rely on the evaluation of multiple brain functions to generate generate a summary score summary score of cognitive impairment.
The use of mobile technologies to provide more comprehensive assessments of cognitive health must be weighed against the burden that additional testing may introduce. That is, a fundamental characteristic of most mobile assessment strategies is their brief nature, thereby allowing participants to more easily respond within the flow of daily life. One option for gaining more comprehensive information on cognitive health may be to alternate the type of cognitive test used at each assessment, and to counterbalance their administration by time of day to avoid biases associated with daily rhythms (Schweitzer et al., 2016) .
| Challenges and considerations when assessing cognition in the real world
Although the studies included in this review provide a solid foundation for the feasibility, acceptability, and initial validity of the use of mobile cognitive assessments in research, there are several challenges and barriers with this approach to cognitive testing to consider. First, there is still relatively little research on the psychometric properties of these assessments, including between-person reliability, within-person reliability, and construct validity. Until more research has been completed, there is not enough evidence to make straightforward recommendations on whether traditional in-laboratory neuropsychological testing, mobile cognitive assessments, or a combination of both would be most appro- is an area of needed research.
| CONCLUSIONS AND FUTURE DIRECTIONS IN THE FIELD
It is estimated that by 2020 more people in the world will have smartphones than running water or electricity (Cisco, 2016) . This rapid rise in smartphone ownership can increase the feasibility of conducting assessments and intensive longitudinal treatment studies with patients who previously had limited access to care. This includes patients who are not ambulatory, who live in rural communities or impoverished nations around the world where resources are scarce, or who cannot obtain treatment in traditional settings for various other reasons.
Mobile assessments can also reduce resource expenditures associated with traditional assessment settings, which have greater personnel costs, space demands, and are time-intrusive for everyone involved.
There are several additional exciting possibilities for mobile cognitive assessments to change the way care and research is conducted.
For example, mobile testing can allow for prompt and accurate assessment of cognitive dysfunction secondary to brain injury or another neurological or psychological event, which can help facilitate rapid referrals to treatment when indicated. These repeated assessments could also be used to monitor recovery from brain injury, and could help improve self-management and patient-centered care by allowing patients to gain insight from their personal data (Resnick & Lathan, 2016) . They could also be useful tools to aid clinicians in providing return-to-work or return-to-duty evaluations. Another utility of mobile cognitive assessments could be for individuals to identify contexts in which their cognitive efficiency is at its best, which could help people structure their daily activities and improve their quality of life. Overall, while we have only begun to scratch the surface of the use of mobile cognitive assessments in health care and research, studies to-date indicate they may be a promising complementary tool to traditional assessment methods with the potential to change the way care and research are conducted for a wider population.
